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Abstract:   
The protocols for the control and readout of Nitrogen Vacancy (NV) centres electron spins in diamond 
offer an advanced platform for quantum computation, metrology and sensing. These protocols are based 
on the optical readout of photons emitted from NV centres, which process is limited by the yield of 
photons collection. Here we report on a novel principle for the detection of NV centres magnetic 
resonance in diamond by directly monitoring spin-preserving electron transitions through measurement of 
NV centre related photocurrent. The demonstrated direct detection technique offers a sensitive way for 
the readout of diamond NV sensors and diamond quantum devices on diamond chips. The Photocurrent 
Detection of Magnetic Resonance (PDMR) scheme is based on the detection of charge carriers promoted 
to the conduction band of diamond by the two-photon ionization of NV- centres. Optical detection of 
magnetic resonance (ODMR) and PDMR are compared, by performing both measurements 
simultaneously. The minima detected in the measured photocurrent at resonant microwave frequencies 
are attributed to the spin-dependent occupation probability of the NV- ground state, originating from spin-
selective non-radiative transitions.  
 
One Sentence Summary:  
We report novel photoelectrical readout of NV centres magnetic resonance in diamond and describe the 
mechanism allowing this novel detection scheme. 
 
Main Text:  
Addressing and reading the electron spin of nitrogen-vacancy (NV) centres in diamond hold great 
promise for quantum computing and secure communication (1, 2), as well as for nanoscale magnetic and 
electric sensing (3, 4, 5) and for non-perturbing sensing and imaging of quantum objects (6, 7). At 
present, the readout of NV centres electron spin state is only performed optically, by detecting photons 
using confocal microscopy. No simple spin read-out techniques allowing for integration with electronic 
chips are available. One of the limiting factors of the optical detection scheme is the low collection 
efficiency of photons emitted by NV centres in bulk diamond. Due to the limitations of objective optics 
and to the diamond index of refraction, detection efficiency higher than a few percent can only be 
obtained by complex micro-fabrication (8). Additionally, NV centres-based quantum computing involves 
positioning adjacent NV centres at a distance of approximately 10 nm (9). The individual optical readout 
of such close NV centres is difficult, since it requires a resolution below the diffraction limit. In this 
report we describe a novel non-optical technique based on the direct photoelectrical read-out of NV 
centres electron spin resonance. Contrary to a recently proposed scheme, in which the read-out of NV 
centres is performed via the monitoring of non-radiative energy transfers to graphene (10), our method 
relies on the direct photo-excitation of charge carriers from NV centres to the diamond conduction band 
and on the collection of charge carriers by electrodes fabricated on the diamond chip. This scheme is 
denoted as photocurrent detection of magnetic resonance (PDMR). The presented technique avoids the 
complexity of confocal imaging and allows the detection of NV spin resonance in light scattering media, 
which will be an advantage for various sensing applications. The PDMR technique, demonstrated here on 
spin ensembles, can be used for the readout of individual NV centres spins. It may in addition 
significantly outperform the efficiency of optical detection since every photon has the ability to generate 
more than one electron-hole pair, due to the photocurrent gain mechanism (11). 
The detailed mechanism for the photoelectrical detection of NV centre electron spin resonance is reported 
below. To demonstrate this detection principle, optical detection of magnetic resonance (ODMR) and 
PDMR are performed simultaneously on a type-Ib single-crystal diamond plate of [100] crystallographic 
orientation. A crystal with an initial concentration of approximately 200 ppm of substitutional nitrogen 
(Ns0) is electron-irradiated and thermally annealed, leading to a concentration of NV- centres around 20 
ppm. Coplanar interdigitated electrodes are prepared on the oxidized diamond surface. A green linearly 
polarized laser beam (532 nm) pulsed by an acousto-optical modulator is focused onto the diamond 
surface, in between the coplanar electrodes. Photoluminescence light emitted under the effect of green 
excitation is collected, filtered and focused onto a pyroelectric detector connected to a lock-in amplifier. 
For photocurrent measurements, the photo-carriers generated upon green illumination are driven towards 
electrodes by an electric field, created by applying a DC voltage between electrodes [Fig. 1(A)]. The 
photocurrent is amplified with a low-noise current preamplifier and measured using a lock-in amplifier. 
Lock-in amplification leads to a high signal-to-noise ratio and allows us to detect a photocurrent in the 
range of 10 to 100 pA with a four digit precision. A microwave field of fixed power is produced using a 
metal wire pressed across the diamond surface, and insulated from coplanar electrodes by a coating (see 
Supplementary materials for details on sample preparation and experimental set-up). 
The intensity of photoluminescence and photocurrent are measured simultaneously while scanning the 
microwave frequency, in the absence and in the presence of an external magnetic field [Fig. 1(B)]. 
Minima in the photoluminescence intensity are observed at microwave frequencies inducing resonant 
transitions between the |0> and the |±1> spin sublevels of the NV- spin triplet ground state (3A2), as 
classically reported in ODMR measurements (12). Minima in photocurrent are clearly detected at 
identical frequencies, demonstrating that photocurrent measurements can be used to detect the spin 
resonances of NV- centres.  
The two resonances observed in ODMR and PDMR spectra in the absence of an external magnetic field 
indicate the existence of a zero-field splitting between linear combinations of the |+1> and |-1> spin 
sublevels of NV-, induced by local strain in the material (13). The origin of the small difference (< 1.5 
MHz) in the position of the minima observed in ODMR and PDMR spectra is discussed in 
Supplementary materials. In the presence of an external static magnetic field applied using a permanent 
magnet, a further splitting of resonant frequencies is observed, both in ODMR and PDMR spectra, 
reflecting the shift of |-1> and |+1> spin sublevels of NV- ground state due to the Zeeman effect. As 
expected (14), two magnetic resonances are observed when the magnetic field is applied along the [100] 
direction of the diamond crystal and four when it is applied along the [111] direction [Fig. 1(B)]. 
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The linear fraction of the measured photocurrent (Fig. 2) is most probably associated with the one-photon 
ionization of NS0. NS0 is indeed the dominant point defect in our sample and the threshold energy for the 
photoionization of this defect is well below the 2.33 eV excitation energy used in our experiment, as 
reported in (22, 23). 
 
Fig. 2: Influence of the 532 nm light power on the photocurrent intensity. 
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radiative decay path. Since the 3E |±1> spin sublevels present a shorter lifetime (7.3 ns) than the 3E |0> 
sublevel (13.7 ns) (27), an electron excited to the 3E |±1> spin sublevels has a lower probability to be 
promoted to the conduction band by the absorption of a second photon [Fig. 3(B), (4)] than an electron 
occupying the 3E |0> sublevels. In addition, for the time during which the 3E |±1> electron undergoes the 
cycle of optical transitions via inter-state crossing to the 3A2 |0> sublevel, it does not contribute to the 
photocurrent. The 1E metastable state has a lifetime of 220 ns at room temperature (24). For that period, 
the 1E state stores the electron, leading to a temporary decrease in the occupation of NV- ground state and 
reducing the rate of two-photon ionization (proportional to the occupation of 3A2). 
Figure 4 depicts the influence of the green light power on the ODMR and PDMR contrasts. The maximal 
observed contrast is ~1 % for PDMR and 10.7 % for ODMR. This is to a large degree due to the fact that 
for the measured sample only the two-photon fraction of the photocurrent (associated to the ionization of 
NV-) gives rise to detectable electron spin resonances, while its linear fraction is not affected by the 
microwaves. The monotonous increase in the PDMR contrast with the incident light power (Fig. 4) can 
thus be explained by the increase in the two-photon quadratic fraction of the photocurrent with respect to 
the linear fraction. However, while the quadratic fraction of the photocurrent increases by a factor 4 
between 30 mW and 180 mW (Fig. 2), the PDMR contrast only increases by a factor 2. This can be partly 
explained by the fact that in the same range of laser power the ODMR contrast decreases (Fig.4), which 
has been attributed to saturation (14).  
 
 
Fig. 4: Influence of the 532 nm light power on the ODMR and PDMR contrasts [defined as the depth of the drop in the 
photoluminescence or photocurrent signal at the second zero-magnetic field resonance (F2 ~ 2873 MHz)]. 
 
An increase in the PDMR contrast could be obtained by further increasing the power of the green 
excitation, or by using photons of lower energy to induce the ionization of NV- centres without ionizing 
Ns0 or other defects in diamond.  
 The presented experiment demonstrates a new principle for the readout of the magnetic resonance of 
NV centres electron spins in diamond. By reducing the contact area, this technique has the potential to 
address single NV centres. This paradigm may lead to a sensitive way for the construction of diamond 
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nanoscale sensors and quantum devices and their direct readout, allowing directly performing quantum 
operation on chip. 
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